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a  b  s  t  r  a  c  t
Bacterial  bioﬁlms  are  involved  in various  medical  infections  and  for  this  reason  it  is  of great importance
to  better  understand  the  process  of bioﬁlm  formation  in  order  to  eradicate  or mitigate  it.  It  is  a  very  com-
plex  process  and  a large  range  of variables  have been  suggested  to inﬂuence  bioﬁlm  formation.  However,
their  internal  importance  is still  not  well  understood.  In  the  present  study,  a range  of surface  proper-
ties  of  Pseudomonas  aeruginosa  lipopolysaccharide  mutants  were  studied  in  relation  to  bioﬁlm  formation
measured  in  different  kinds  of  multi-well  plates  and  growth  conditions  in order  to  better  understand
the  complexity  of  bioﬁlm  formation.  Multivariate  analysis  was  used  to simultaneously  evaluate  the  role
of a  range  of physiochemical  parameters  under  different  conditions.  Our results  suggest  the  presence  of
serum inhibited  bioﬁlm  formation  due  to changes  in  twitching  motility.  From  the  multivariate  analysis
it  was  observed  that  the  most  important  parameters,  positively  correlated  to bioﬁlm  formation  on  two
types of plates,  were  high  hydrophobicity,  near  neutral  zeta  potential  and motility.  Negative  correlationacterial surface properties was  observed  with  cell  aggregation,  as well  as  formation  of  outer  membrane  vesicles  and  exopolysac-
charides.  This work  shows  that the  complexity  of  bioﬁlm  formation  can be  better  understood  using
a  multivariate  approach  that can  interpret  and  rank the  importance  of  different  factors  being  present
simultaneously  under  several  different  environmental  conditions,  enabling  a  better  understanding  of
this complex  process.
©  2015  The  Authors.  Published  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license. Introduction
The ability of bacteria to adhere to natural and artiﬁcial mate-
ials is a ﬁrst step in bioﬁlm formation, is central for bacterial
urvival, and has great clinical and environmental relevance [1–3].
nitial adhesion is dependent on a large number of parameters [4,5].
lthough surface properties like hydrophobicity and cell charges
ave been used to explain bacterial adhesion to surfaces, it is not
lear how these properties co-inﬂuence adhesion under differ-
nt conditions and how important their effect is in comparison to
ther surface properties [5,6]. One approach that can help to dis-
ntangle a large number of variables and interpret their individual
orrelation to bioﬁlm formation is multivariate analysis [7] which
∗ Corresponding author. Tel.: +46 90 786 6328.
E-mail address: madeleine.ramstedt@chem.umu.se (M.  Ramstedt).
ttp://dx.doi.org/10.1016/j.colsurfb.2015.01.030
927-7765/© 2015 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
is used, in this study, for a detailed investigation of bacterial bioﬁlm
formation.
Both speciﬁc and non-speciﬁc interactions mediate bacterial
adhesion. Non-speciﬁc interactions include electrostatic charges,
hydrophobicity and van der Waal’s forces. These properties are
inﬂuenced by the bacterial cell surface composition and medium
constituents [5]. Speciﬁc interactions can occur between an abi-
otic surface and proteins, sugars and lipids in cell membrane [8,9]
and is often related to speciﬁc receptors. Lipopolysaccharide (LPS)
is a major constituent of the outer membrane of Gram-negative
bacteria, and it plays an important role for interactions with abiotic
surfaces, as well as for cell integrity and immunogenic responses
[10]. The LPS structure of the cell wall has inﬂuence on bioﬁlm for-
mation [11,12] and enhanced bioﬁlm has been observed in deep
rough LPS mutants of Escherichia coli [11]. LPS have three distinct
domains: lipid A, core oligosaccharides and O-antigen [18] (Fig. 1).
In general, LPS phenotype is described as smooth, rough and deep
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Schematic representation of lipopolysaccharide (LPS) of P. aeruginosa (wild
type strain PAO1) with O-antigen (A- and B-band), outer and inner core [18]. The
truncation of LPS for mutants without O-antigen (galU and rmlC) is marked
by red and green lines. The other LPS mutants have more than one chemotype
of  LPS including O-antigen with either A-band or B-band as described in Table
S1.  PAO1, gmd,  wbpA and wapB mutants have, apart from A- and/or B-
band, uncapped LPS with two  sugar residues (Rha and GLC) more than rmlC
does.  wapB has an additional uncapped LPS similar to rmlC but with only one
additional Rha. The sugar abbreviations are as follows: GlcN = 3-(acetyl amino)-
3-deoxy-d-glucose), KDO = 3-deoxy-d-manno-oct-2-ulosonic acid, HEP = heptose,
GalNAla = 2-(2-l-alanyl)-2 deoxy-d-galactosamine, Rha = rhamnose GLC = glucose.
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isolated as mentioned previously with brief modiﬁcations out-For interpretation of the references to color in this legend, the reader is referred to
he web version of the article.)
ough. Cell phenotype where O-antigen caps the core is referred
o as “smooth” LPS phenotype, while strains lacking O-antigen are
ermed “rough” LPS [18], and if the outer core is missing “deep
ough”. Furthermore, motility of bacteria (swimming, swarming
nd twitching caused by appendages like ﬂagella and pili) and pro-
uction of surface exopolysaccharides (EPS) has been reported to
nﬂuence bioﬁlm formation [13–17].
Pseudomonas aeruginosa is a common soil bacterium [19], and
 well-established model organism for studying bacterial bioﬁlm
ormation. Furthermore, P. aeruginosa is of clinical relevance e.g.
or infections related to medical devices such as contact lenses and
ndotracheal tubes. It is also a bacterium that is commonly found
n natural and artiﬁcial environments [19]. In a previous study, we
howed that LPS mutants of P. aeruginosa with different hydropho-
icity and negative zeta potential colonized surfaces differently [1],
hich urged us to further investigate the inﬂuence of bacterial sur-
ace properties on bacterial adhesion and bioﬁlm formation. In this
ork we try to understand how bacterial cell surface properties
elate to bioﬁlm formation and if these properties and processes
hange under different environmental conditions such as compo-
ition of growth medium and serum content. LPS structures of the
utants used in the present study [18] are shown in Fig. 1. The
utations resulting in these different LPS structures, affect the
enes involved in biosynthesis of LPS monomers (gmd, galU, rmlC),
lycosyl transferase (wapB) and algD homologue (wbpA) which is
ssential for biosynthesis of GDP-d-mannose [20]. The resulting
PS mutants differ in phenotype of O-antigen (A- or B-band) that
caps” the core LPS structure. The strains often have both capped
nd uncapped LPS in the outer membrane. The mutant wbpA has
-band but no B-band [21], rmlC and galU have neither A- nor
-band and both have different forms of a truncated outer core in
PS [10,22], wapB has both A- and B-band similar to wild strain
AO1, coexisting with some truncated uncapped LPS [23], gmdiointerfaces 127 (2015) 182–191 183
lack the A-band [24]. The strains used in this study differ from
LPS mutant used in previously published studies, as different genes
with different functional roles were mutated. The reason for using
the selected LPS mutants were that they differed to a large extent in
surface physicochemical properties, while they were not expected
to show large differences in other bacterial properties. In this work,
we investigate how variations in amount of bioﬁlm formed by
LPS mutants was correlated to a combination of several factors:
cell wall composition (with respect to peptidoglycan, protein, sug-
ars and lipids), hydrophobicity, cell charges (as reﬂected in Zeta
potential) and aggregation of bacterial cells, type of polystyrene
culture plate, motility (swimming, swarming and twitching), secre-
tion of exopolysaccharides, and release of outer membrane vesicles
(OMVs).
To be able to simultaneously interpret all the above mentioned
parameters we used multivariate analysis. Previously multivariate
analysis has been used to investigate the variance of surface physio-
chemical properties between a large range of bacterial species with
the conclusion that 70% of the variability between strains could
be explained by four components that were roughly described as
presence of protein and phosphorous, negative charge, hydropho-
bic properties and iso-electric point of the bacterium [25,26]. Thus,
previous work indicates that these factors could play a large role
in governing bioﬁlm formation and result in differences between
strain bioﬁlm phenotype. In this article we will start by discussing
the individual parameters for the whole strain collection of P.
aeruginosa and their correlation to bioﬁlm formation. Thereafter,
we will move on to discuss the information obtained from the
multivariate analysis of the entire dataset.
2. Materials and methods
2.1. Strains, media, multiwell plates and LPS gel proﬁle
Strains used in this study are shown in Table S1 [10,14,20–24]
and Fig. 1. The LPS gel proﬁle was  conﬁrmed using a previously
described method (Fig. S1) [27]. All strains were cultured in iso-
sensitest media (Oxoid LTD, Hampshire, England) [1] or AGSY
media [28]. Since LPS mutants were constructed by gene replace-
ment that confers resistance to gentamycin, this antibiotic was
added where required. Effect of serum on bioﬁlm formation was
studied by adding 10% sterile ﬁltered fetal bovine serum (Sigma
Life Science) in respective media. Three kinds of 96-well mul-
tiwell plates were used – standard plates (96-well polystyrene
microtiter plate, Corning 3595, New York, NY), cell gradeTM (96-
well BRANDplates® Cell GradeTM) [29], inert gradeTM (96-well
BRANDplates® Inert GradeTM) [30]. Composition and hydrophobic-
ity of these multi-well plates are shown in Table S2.
2.2. Bioﬁlm formation and surface characterization
measurements
More details of each experimental assay can be found in
supplementary information. Bioﬁlm formation was measured
quantitatively by the crystal violet method as described previously
[31]. Outer membrane fractionation was  done using the N-lauryl
sarcosyl method [32]. Selected protein bands were identiﬁed by
MALDI-MS by Alphalyse Denmark. OMVs were isolated as reported
previously with brief modiﬁcation outlined in the supplement [33].
The amounts of OMVs were quantiﬁed by the Bradford method
on the basis of protein content. Surface exopolysaccharides werelined in the supplement [34]. The amount of polysaccharide was
estimated by the phenol sulfuric acid method [35]. Surface compo-
sition analyses of bacteria, grown overnight (24 h) on agar plates
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S2a). However, a recent study on multiwell plates (not speciﬁed
which kind of plates were used) observed that strain with LPS phe-
notype (A−B−) formed more bioﬁlm, contrary to our observation
[49]. These differences could be a result of the type of culture plate84 R. Ruhal et al. / Colloids and Surfac
ade with different types of growth medium, were done using the
-ray photoelectron spectroscopy (XPS) method described previ-
usly [36]. The elemental surface composition of 96-well plates
inside bottom of wells) was analyzed in a similar way  but at
oom temperature. Hydrophobicity of bacterial cells was measured
sing the MATH assay as described previously [1,37,38]. Sessile
rop contact angles were measured on ﬂat and smooth portions
f the bottom of multiwall plates with an optical tensiometer
KSV Instruments). Two computational methods were used: the
pherical cap approximation where the drop is assimilated to a
ection of a sphere intersecting the surface of interest, and a sim-
le power law [39] as outlined in supplementary information.
-potential and size (size of bacterial aggregates) was  measured
y dynamic light scattering using a Nano ZS (Malvern) zetasizer
t 25 ◦C in a clear disposable zeta cell (Malvern) after having cul-
ured bacteria overnight, washed them and re-suspended them in
0 mM phosphate buffer. Motility assays were done as described
reviously [13]. TEM micrographs were taken with a transmis-
ion electron microscope (JEOL 1230, JEOL Ltd. Tokyo, Japan). AFM
maging was performed using a Nanoscope V Atomic Force Micro-
cope (Bruker AXS) using ScanAsyst Mode in air. The morphology
f the bottom of multiwall plates was examined by Zeiss Merlin
ESEM. Further details of the imaging are given in supplementary
nformation.
.3. Multivariate analysis (MVA)
MVA  and design of experiment were done using SIMCA 13.0 and
ODDE 9.1 (Umetrics, Umeå, Sweden). The methods used include
artial least squares projections to latent structures (PLS) and
PLS-DA (orthogonal projections to latent structures-discriminant
nalysis).
Unsupervised methods like PCA works well to get an overview of
he variation in the data and to detect deviating samples. However,
n order to facilitate interpretation of data containing many pos-
ibly discriminating and covarying variables supervised methods
uch as PLS and OPLS are more useful. PLS is a regression extension
f PCA which helps in the interpretation of the variable covariation
etween two blocks of data (X and Y). OPLS is a further development
f PLS allowing separation and separate interpretation of variation
n X related to Y (predictive variation) and variation unrelated to Y
orthogonal variation). All in all OPLS gives the same mathematical
olution to the problem as PLS, but with a facilitated interpretation
f the different sources of variation in the data. Multivariate mod-
ls are presented as scores plots showing the sample distribution
nd loading plots showing the variable distribution as well as the
ontribution of the variables for the patterns detected in the scores.
Statistical signiﬁcance of the calculated PLS and OPLS models
as conﬁrmed by ANOVA of the cross-validated models providing
 p-value related to the model signiﬁcance [40].
In the present study, PLS analysis was carried out with physio-
hemical parameters as regressor variables and amounts of bioﬁlm
measured as optical density, OD) on the three types of plates as
he response variables. For the ﬁrst model a total of six compo-
ents were obtained which explained 85% of variation in the data.
he ﬁrst two components explaining the maximum variation were
lotted in the score plot. The PLS analysis results were displayed
nd interpreted by means of score and loading plots. The score plot
hows the overall distribution of the observations (samples) while
he loading plot shows the distribution of the measured physio-
hemical parameters and explains the sample distribution in the
core plot. OPLS-DA analysis was done after classiﬁcation of the
amples: serum/non serum, medium iso-sensitest/AGSY, strains of
PS mutants, and using the classiﬁcation information as response
ariables in multivariate regression analysis.iointerfaces 127 (2015) 182–191
2.4. Statistics, signiﬁcance and p-value
All the experiments and analyses were done in triplicate. The
standard deviation was  calculated from mean of three independent
experiments. The asterisk ‘*’ in the graphs represents signiﬁcant
difference (p-value, paired two tailed) calculated by ANOVA of
data calculated from three independent experiments (N = 3) and
the following asterisk symbols were used: *p-value ≤ 0.05; **p-
value ≤ 0.01.
3. Bioﬁlm formation
3.1. Bioﬁlm formation of different strains on different multiwall
plates
P. aeruginosa strains with LPS mutations exhibited altered
bioﬁlm production similar to what has been reported in
Stenotrophomonas maltophilia, Porphyromonas gingivalis,
Salmonella enterica, Neisseria meningitidis and E. coli [10,41–47]. In
the present study, strains with LPS phenotype with A-band (LPS
A+B− & LPS A+B+; wbpA > wapB > PAO1) formed more bioﬁlm
in comparison to strains with no A-band (LPS A−B+ & LPS A−B−;
rmlC, gmd,  galU) on standard and cell grade multiwell plates
(Fig. 2a) despite their similar growth curves (supplementary Fig.Fig. 2. Bioﬁlm formation (a) in three kind of multiwell plates in iso-sensitest; aster-
isk  mark strains signiﬁcantly different from wild type strain PAO1 (b) in the presence
of  serum and heat deactivated serum in iso-sensitest media and standard plates;
asterisk mark bioﬁlm in non-serum or heat-treated conditions that were signiﬁ-
cantly different from bioﬁlm in serum (*≤0.05, **≤0.01, N = 3).
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Fig. 3. Surface-related properties in wild type strain (PAO1) and LPS mutants: (a)
hydrophobicity and zeta potential; hydrophobicity of LPS mutants was signiﬁcantly
different from wild type strain (PAO1) (p-value ≤ 0.01, N = 9) while zeta potentialR. Ruhal et al. / Colloids and Surfac
r strains used since mutations in LPS synthesis pathways could
lso inﬂuence other pathways and thereby result in additional
henotypical differences affecting bioﬁlm formation.
Bioﬁlm formation was studied in three types of multi-well
icrotitre plates with different surface characteristics: standard
lates, cell gradeTM and inert gradeTM plates (elemental composi-
ion and contact angles of plates are shown in Table S2). The inert
radeTM plate had a different surface from the other two and it was
eported to be coated with a hydrogel, which was to make the sur-
ace super hydrophilic [29]. The contact angle analysis of the inert
radeTM plate, however, did not show super-hydrophilicity. The cell
radeTM plate and standard plate had a difference in hydropho-
icity but similar elemental composition. The cell gradeTM plate
ad slightly more polar groups containing O or N compared to
he standard plate. Both these types of plates had been plasma
reated to increase the hydrophilicity of the bulk polystyrene which
esulted in a surface content of O and N of a little bit more than 10%.
hus, from XPS we can conclude that the surfaces of the plates were
overed by functional groups that are polar and can be expected
o be slightly negatively charged. The bioﬁlm formation on cell
radeTM plates was marginally higher than for standard plates,
lthough not statistically signiﬁcant, and bioﬁlm formation fol-
owed the same trend for the different LPS mutants (Fig. 2a) on the
wo plates. However, on inert gradeTM plates all strains formed very
igh amounts of bioﬁlm (Fig. 2a) supporting previous observations
hat changes of material surface can inﬂuence bioﬁlm formation
1,22,48]. Interestingly, SEM images of inert gradeTM plates exposed
o sterile media for 24 h (supplementary Figs. S3 and S6) showed
ormation of surface “bubbles” indicating dewetting of the surface
oating during exposure to medium. Such dewetting would pro-
uce an uneven surface and could possibly be an explanation for
he increased bioﬁlm formation on these surfaces. Only marginal
ifferences in bioﬁlm formation was observed between the two
ifferent media used (iso-sensitest and AGSY, supplementary
ig. S2).
.2. Bioﬁlm formation in presence of serum
Bioﬁlm formation was reduced under serum conditions for all
PS mutants despite no change in growth (Fig. 2b, supplementary
ig. S2a). The inhibition of bioﬁlm from P. aeruginosa by serum
as been reported [50,51] but effect of serum for LPS mutants has
ot been described previously. Heat inactivation of the serum at
6 ◦C reduced the inhibitory effect from the serum indicating that
he complement system might be causing the effect. In a previous
tudy, two mechanisms for bioﬁlm inhibition in the presence of
erum were proposed for P. aeruginosa: (1) serum could be pre-
enting adhesion of bacteria through coating the surface, and (2)
erum increased motility of bacteria on the surfaces [51]. A third
actor inﬂuencing bioﬁlm formation can be bacterial aggregation
n solution. We  investigated possible surface conditioning of the
ultiwell plates exposed to medium and serum using SEM and
PS, and observed that both preconditioned the surface of the
lates (supplementary Figs S3–S9 and Table S2). Thus, this did
ot seem to explain the observed differences between serum and
on-serum conditions. In order to investigate the second mecha-
ism, we proposed that if the bacterium is non-motile then bioﬁlm
ormation should not be changed/inhibited in serum condition.
o consider this hypothesis we studied bioﬁlm formation by a
agella and pili double mutant of P. aeruginosa (pilAﬂiC)  in the
resence of serum (Fig. S2c). Interestingly, no inhibition of bioﬁlm
n the mutant (pilAﬂiC)  was observed with serum in contrast
o the wild type strain in which bioﬁlm formation was  decreased
wo times in serum conditions (Fig. S2c). Further, we observed
ncreased twitching in comparison to swimming, and swarming
n serum agar plates (data not shown). Thus, this supports theof  rmlC was signiﬁcantly different from wild type strain (p-value ≤ 0.01, N = 3) (b)
vesicle and polysaccharide content of LPS mutants, asterisk denotes strains that
were signiﬁcantly different from wild type strain (PAO1) (*≤0.05, **≤0.01, N = 3).
hypothesis that inhibition of bioﬁlm in serum conditions is related
to motility of P. aeruginosa and it is known that motility is a very
important parameter for bioﬁlm development [52]. The third factor,
aggregation, also seemed to play a role as more bioﬁlm was formed
in non-serum conditions where the wild type strain aggregated
less. The non-motile mutant did not display different aggrega-
tion behavior under serum and non-serum conditions (data not
shown).
3.3. Surface properties and cell wall composition of LPS mutants
The difference in bioﬁlm formation between different strains
of LPS mutants indicates that surface properties play a large role
in bioﬁlm formation, and in order to investigate this further each
parameter was  characterized for the bacterial strains.
3.3.1. Hydrophobicity and zeta potential
Changes in hydrophobicity and cell surface charges with muta-
tions in LPS have previously been reported in many bacteria
[48–53]. In our experiments, the highest hydrophobicity was
observed for the strain wbpA (A+B−) (Fig. 3a) which also pro-
duced an increased amount of bioﬁlm. The strains wbpA, galU,
and wapB have higher hydrophobicity in comparison to the other
186 R. Ruhal et al. / Colloids and Surfaces B: Biointerfaces 127 (2015) 182–191
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tig. 4. (a) Bacterial motility in the form of swimming, swarming and twitching. A
witching) to wild type strain (*≤0.05, **≤0.01, N = 3). (b) Outer membrane protein 
train (Fig. 3a). However, due to their different composition with
espect to A- & B-band it was difﬁcult to conclude if the LPS
tructure itself resulted in enhanced hydrophobicity. The data sug-
est that the presence of A-band O-antigen makes the LPS more
ydrophobic in contrast to strain with B-band O-antigen. This can
e attributed to the presence of neutral polysaccharides in A-band
54] giving it a slightly hydrophobic nature. To study the inﬂuence
f surface charge we measured zeta potential, since the zeta poten-
ial in many conditions reﬂects the surface charge of a particle,
specially in low ionic strength conditions. The most negative zeta
otential was observed for the rmlC (A−B−) mutant whereas the
emaining strains exhibited fairly similar zeta potentials (Fig. 3a).
.3.2. Outer membrane vesicles (OMVs) and exopolysaccharides
Gram-negative bacteria including P. aeruginosa release OMVs,
oth in vivo and in vitro. These 50–200 nm diameter proteoli-
osomes consist of outer membrane and periplasmic proteins,
ipopolysaccharide, peptidoglycans, and may  contain DNA and RNA
55]. In Pseudomonas putida,  enhanced vesicle and bioﬁlm for-
ation under multiple stress conditions was reported [55,56].
imilarly, enhanced bioﬁlm formation in deep-rough LPS mutants
f E. coli was reported in association with increased OMV  forma-
ion [11]. In P. aeruginosa,  stress-induced OMV  formation together
ith alteration of LPS under oxidative stress has also been reported
57,58]. These studies made us to look into to what extent the P.
eruginosa LPS mutants produced OMVs (Fig. 3b). It was observed
hat vesicle formation was highest in the rough LPS mutant strain
galU (A−B−) in comparison to other LPS mutants and the wild type
train PAO1 (Fig. 3b), in accordance with a previous study where
train without O-antigen had the most vesicles being released
58,59]. However it should be noted that in another recent study, no
uantitative difference in vesicle formation was observed among
trains with differences in LPS phenotype [49]. Again since bacte-
ial strains with a different set of mutations were used, it is difﬁcult
o deduce the reason for this difference and it is possible that the
utations caused more than one phenotypic response in the cell.
ifferences in vesicle formation between serum and non-serum
onditions were also observed (Fig. 3b), which may  be due to bac-
erial stress induced by serum.
Apart from the sugar structure in LPS, sugars in exopolysaccha-
ides have been suggested to play a role in bioﬁlm formation. In our
xperimental conditions there was a reduction of exopolysaccha-
ides in LPS mutants in comparison to the wild type strain PAO1 as
hown in Fig. 3b. The wbpA mutant strain with A+B− LPS pat-
ern produced the least exopolysaccharides similar to previousk shows signiﬁcant difference of LPS mutant motility (swimming, swarming and
s on SDS gel.
observations by AFM [60]. This inﬂuence of mutations in LPS
synthesis pathway on EPS production may  be a result of common
sugar precursors and genes for the synthesis of LPS and EPS, as dis-
cussed previously [61], and as has previously been reported for Psi
and A-band biosynthesis genes [62].
3.3.3. Outer membrane protein proﬁle and surface composition
No obvious changes in outer membrane protein proﬁle for the
LPS mutants were observed (Fig. 4b) indicating that changes in
bioﬁlm formation between mutants were probably not due to dif-
ferences in outer membrane protein composition. The small protein
band at about 10 kDa that had slight variation in intensity was
previously found to be outer membrane precursor of lipoprotein
[1]. Since media can inﬂuence cell surface composition, the surface
composition was also analyzed using XPS for LPS mutants grown in
three different media: AGSY, iso-sensitest and LB (supplementary
Fig. S10). However, the slight differences in the obtained compo-
sition were too small to be statistically signiﬁcant (p > 0.1). The
surface parameters were measured in serum and non-serum con-
ditions but there were no major differences between these two
conditions.
3.3.4. Motility of LPS mutants
Three different types of motility were studied for the LPS
mutants (swimming, swarming and twitching) and the presence
of ﬂagella and pili was  investigated using TEM and AFM. These
appendages are important for motility but they can also function
as adhesion factors and provide structural support to P. aeruginosa
[51,63]. The results from the motility assays indicated that swarm-
ing motility was  higher in the strains with A-band (the wild type
strain, PAO1, the wbpA and the wapB mutants) and the lowest
motility was observed in the rmlC and the galU mutants that
lack both A- and B-band (Fig. 4a). Swimming motility was highest
for the strains PAO1, wapB wbpA and gmd and twitching
motility for the strains PAO1, wbpA and wapB. A non-motile
mutant (ﬂiC pilA)  was used as a negative control (Fig. 4a). The
low motility observed in the rmlC mutant was  in accordance
with previous studies [22]. TEM and AFM images showed no
large differences in ﬂagella expression between the strains, as
previously observed [22], and we  could not observe any pili on
the bacterial cells (supplementary Fig. S11 and S12). However,
AFM images showed extracellular branched networks for some
mutants, especially in the gmd mutant. We  propose that these
might be amyloid ﬁbers previously observed in P. ﬂuorescens,  P.
putida and P. aeruginosa [64]. Thus, our results indicate that there
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Fig. 5. PLS analysis: (a) score plot showing distribution of samples color coded according to strains (N = 3). (b) Loading plot with distribution of variables (green, numbered
4  bioﬁ
r ticle.)
w
c
3
t
s
y
3
f
i
a–12,  19–24) with respect to strain (strains colored as in (a), numbered 13–18) and
eferences to color in this legend, the reader is referred to the web  version of the ar
ere variations in motility after mutation in LPS despite no visible
hanges in bacterial appendages (supplementary Fig. S12).
.4. Multivariate analysis
All the data discussed above were analyzed using PLS and OPLS
o better understand their internal importance, and the subsequent
ections presents and discusses the results of this multivariate anal-
sis.
.4.1. Multivariate analysis of the data set with respect to bioﬁlm
ormation
In an experiment where one parameter is varied and a response
s measured we can construct an x–y graph with variable x on one
xis and the response y on the other axis, and we can perform linearlm response (blue, numbered 1–3), (CV-ANOVA p < 0.01). (For interpretation of the
regression analysis to look at how these two  are correlated. If we
imagine that data from our experimental design is plotted in a mul-
tidimensional space where each variable represents one dimension
and bioﬁlm formation is seen as a response to this variable, then
PLS can be viewed as a regression method that graphically, in a
2-D plot, shows how all the data points spreads in the multidimen-
sional space and which parameters, or combination of parameters,
are the most important contributions for this spread. We  can also
see how the different variables are correlated to the response (in
this case bioﬁlm formation on three different plates). The 2-D plots,
presented here, were constructed so that the score plot interprets
how the data spreads in the multidimensional space, and the load-
ing plot interprets the contribution from different variables. The
x- and y-axes thus represent a sum of contributions from several
variables (shown in the loading plot) and their “weight” indicated
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Fig. 6. OPLS analysis: (a) loading plots when two  classes are media (iso-sensitest to the left of the plot, AGSY to the right), (b) serum and non-serum conditions (serum to
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h
(
fhe  left of the plot). Variables, strains and bioﬁlm in loading plots are presented in
tandard), 4 (EPS), 5 (hydrophobicity), 6 (lipids), 7 (media AGSY), 8 (media IsoS), 9 
6 (rmlC), 17 (wapB), 18 (wbpA), 19 (sugars), 20 (swarming), 21 (swimming), 
y how far from origo the point for the variable is positioned in
he loading plot in x- or y-direction. If a data point appears in the
icinity of a variable it shows that this variable is high in this data
oint. If a variable is positioned close to a response it means it has
 high correlation to this response. For example, we have in Sec-
ions 3.1 and 3.3.1 described that the hydrophobicity of the strains
as highest for the wbpA strain that formed the most bioﬁlm on
tandard and cell gradeTM plates. If we construct a score plot that
s color coded for hydrophobicity we can see that hydrophobic-
ty increases towards the right of the plot where the data points
or wbpA are situated, as can be observed from Fig. 5a and Figs.
13. This is shown in the loading plot by positioning the variable
ydrophobicity to the right of the plot slightly above the x-axis
Fig. 5b) close to the highest value on an imagined regression line
rom low to high hydrophobicity. (Score plots colors coded for otherctive colors and are numbered as follows: 1 (bioﬁlm CG), 2 (bioﬁlm IG), 3 (bioﬁlm
des), 10 (serum no), 11 (serum yes), 12 (size), 13 (galU), 14 (gmd), 15 (PAO1),
itching), 23 (vesicles), 24 (zeta potential) (CV-ANOVA p < 0.01).
variables are available in supplementary Fig. S14.) The position of
two of the bioﬁlm responses close to this variable in the loading plot
shows that hydrophobicity is highly correlated to bioﬁlm forma-
tion on cell gradeTM plates and on standard plates. Other variables
that appear in the vicinity of high bioﬁlm are different types of
motility as well as near neutral zeta potential (high zeta poten-
tial here represents near neutral values since the zeta potential in
all strains was negative) and a chemical composition with com-
parably higher amounts of sugar and lipid than of peptide. But
since these variables are closer to origin in the graph, compared
to hydrophobicity, their correlation to bioﬁlm formation is smaller.
This indicates that hydrophobicity, motility and near neutral zeta
potentials are important for high bioﬁlm formation on these plates.
If we  color code the score plot with respect to bacterial strain
(Fig. 5a) it becomes clear that the different data points were well
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big. 7. OPLS analysis; (a) score and (b) loading plot when classes are strains. Variable
s  follows: 1 (bioﬁlm CG), 2 (bioﬁlm IG), 3 (bioﬁlm standard), 4 (EPS), 5 (hydropho
es),  12 (size), 19 (sugars), 20 (swarming), 21 (swimming), 22 (twitching), 23 (vesic
lustered within strain and separated between strains and that the
argest variability in bioﬁlm formation was due to strain type. We
an also see that the three replica of each experiment are positioned
ompletely on top of each other and are, consequently, not resolved
n the plot. The largest diagonal spread of the four clusters of data
oints for each strain represents the difference between serum and
on-serum conditions (two points above and two points below the
orizontal axis in Fig. 5a) in the two media used. The differences
etween the two media are much smaller and are seen as two points
f each strain in close vicinity of each other in Fig. 5a.
The rmlC strain with no A- & B-band (marked with green color
n Fig. 5a) is separate from the other strains, and is positioned
lose to the bioﬁlm formation response on inert gradeTM plates
Fig. 5b), and on the opposite side of the plot from the wbpA
utant that formed the highest bioﬁlm on the standard and cell
radeTM plates. This suggests that these two strains, with very
ifferent surface characteristics, also exhibit large differences in
ioﬁlm formation on different surfaces and, consequently, we  canins and bioﬁlm in loading plots are presented in respective colors and are numbered
, 6 (lipids), 7 (media AGSY), 8 (media IsoS), 9 (peptides), 10 (serum no), 11 (serum
4 (zeta potential) (CV-ANOVA p < 0.01).
hypothesize differences in how this process occurs between the
two strains. The rmlC strain has the most negative zeta poten-
tial and it can be expected to be the most affected by repulsive
forces from a (slightly) negatively charged surface. (From XPS anal-
yses we  have indications that the surface of the plates should
have slight negative charge. Consequently, we can expect repulsive
forces between the rmlC mutant and the culture plates.) Fur-
thermore, the rmlC mutant is less hydrophobic compared to the
other strains, which means that the interactions with the slightly
hydrophobic polystyrene in the multi well plates should have been
lower.
The hydrophobicity of bacterial cells can be analyzed using sev-
eral methods for example contact angle goniometry on bacterial
lawns or partitioning of bacteria between an organic phase and
a water phase (the MATH assay). In this work we have used the
latter method due to its wide-spread use and simplicity. There
have been discussions in the literature pointing to that this assay
is not strictly only a measure of hydrophobicity but that also
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urface charges and acid–base interactions can inﬂuence the result
38]. Irrespective of this, we found the MATH assay to be a good
ariable predicting bioﬁlm formation on polystyrene culture plates.
he more hydrophobic A-band strains (wild type PAO1, wbpA,
nd wapB mutants) cluster in right-hand side of the score plot as
xpected from the hydrophobicity measurements but also because
hese strains have a higher motility than the other strains analyzed.
rom the loading plot (Fig. 5b) it can be seen that the production
f surface exopolysaccharides is inversely correlated with bioﬁlm
ormation on all plates, as is cell aggregation (size) and OMV  for-
ation. It can be hypothesized that the processes of aggregation
nd OMV formation as well as production of exopolysaccharides
ould hinder the interactions of the bacterium with the plate sur-
ace, or that these substances and bacterial aggregation could lead
o a different type of bioﬁlm that is not attached or more poorly
ttached (weak linking ﬁlm) to the surface and, thus, is not mon-
tored in our traditional bioﬁlm assays [65]. However, although
he setup using multi-well plates might be prone to unintentional
etachment of bioﬁlm during washing and staining, the differ-
nces observed between strains were also observed in situ (using
 ﬂow chamber) in a previous study on hydrophilic surfaces [1]
here unintentional detachment should not have inﬂuenced the
esults. The aggregation of bacterial cells, described here, was  ana-
yzed for cells from liquid culture that were rinsed with buffer,
nd therefore represents a parameter for bacteria supposedly in a
lanktonic state. Thus, we hypothesize that the increased aggrega-
ion observed, that was negatively correlated to bioﬁlm formation,
epresent a characteristic of the bacterial surface that leads to
ormation of aggregates or perhaps a more “suspended” bioﬁlm
henotype. However, further studies are needed to better under-
tand this negative correlation and if such “suspended” bioﬁlm in
ome cases attach ﬁrmly to a substrate. The loading plot suggests
hat the most important variable positively correlated to bioﬁlm
ormation is hydrophobicity followed by motility and thereafter
eta potential. The surface composition seems to be of lower impor-
ance. For the variables negatively correlated to bioﬁlm formation it
an be noted that aggregation, EPS and vesicle formation are fairly
imilar in importance.
.4.2. Multivariate analysis of the data set with respect to surface
roperties
To better understand how environmental conditions inﬂuenced
urface properties of bacteria we used OPLS-DA analysis of the
ata. OPLS-DA is a supervised statistical method which clusters
ultivariate data by maximizing the variance between different
ser-deﬁned sample groups (classes). When the two media were
sed as two classes very little effect on surface properties was seen
most surface variables line up close to the central line, Fig. 6a and
15a). However, some effect was seen on aggregation (size), EPS
nd sugar content. If we compare serum conditions to non-serum
onditions (Fig. 6b and S15b) we can see that the presence of serum
nhibits bioﬁlm formation for all strains and in all media since the
ioﬁlm dots end up on the side of “No serum” to the right of the
oading plot (Fig. 6b and S15b). Some effects were seen for twitch-
ng motility, aggregation (size) and vesicle formation (Fig. 6b) that
ncreased in presence of serum, as was described in Section 3.2.
onsequently, the serum-induced differences observed in bioﬁlm
ormation are not related to altered surface properties but rather
eems to be a result of differences in motility, bacterial surface
ccessibility (due to aggregation), and possibly metabolic changes
hat are not explained by our model. The small difference between
ulture medium also appears to be related to release of exo-
olymers and aggregation. Using OPLS-DA analysis of the different
trains we could investigate how the different physicochemical
arameters differed between the groups in all experimental condi-
ions and how they differed from each other (in the ﬁrst part of thisiointerfaces 127 (2015) 182–191
manuscript we  only investigated one condition at a time). All strains
group and cluster in the score plot and the largest differences can
be observed between the three strains rmlC,  wbpA and PAO1
(Fig. 7a and b). The wbpA samples were the most hydrophobic
while the PAO1 strain was more correlated to high EPS produc-
tion. The more hydrophobic and near neutral strains wbpA and
PAO1 had more motility than the other strains. The strains galU,
wapB and gmd were different from each other but the difference
between them was smaller compared to for the other three. The
position of rmlC was  most likely due to the very low zeta poten-
tial in this strain and relatively high peptide content compared to
the other strains.
4. Conclusion
In this study we have taken a multivariate approach to inves-
tigate the inﬂuence of different factors on bioﬁlm formation by
P. aeruginosa. Our results suggest that the most important vari-
ables positively correlated to bioﬁlm formation are hydrophobicity
followed by motility. These variables were more important than
zeta potential and chemical composition of the surface. Negative
correlation to bioﬁlm formation was observed for aggregation as
well as production of EPS and OMVs. We  also observed that when
the bacterial strains were grown in the presence of serum, a large
reduction of bioﬁlm formation occurred. This decrease was  found
to be correlated to changes in twitching motility as well as bacte-
rial cell aggregation in solution. However, it is also possible that
metabolic changes induced by the presence of serum could have
played a role especially since more bioﬁlm was observed in heat
treated serum than in the untreated serum. Consequently, bacte-
rial cell surface properties were shown to inﬂuence the amount
of bioﬁlm formation to a large extent for two  of the three plates
investigates. Bioﬁlm formation on the third plate differed, proba-
bly as a result of morphological changes of the surface-hydrogel
ﬁlm induced by the experimental conditions. Consequently, this
study illustrates the complexity of bioﬁlm formation and that it is
dependent not only on the materials surface but also on the bacte-
rial surface and solution processes that can give rise to aggregation
or possible “suspended” bioﬁlms that are not observed in most
bioﬁlm assays. These solution processes appear to be inﬂuenced by
environmental variables such as medium composition and pres-
ence or absence of serum. Using multivariate analysis, we have
been able to rank different variables and show that the hydropho-
bicity, as determined by the MATH assay, can be a good predictor
of bioﬁlm formation for smooth moderately hydrophobic surfaces
represented by the standard and cell grade multiwell plates. These
results are conﬁrming previously published studies investigating
the role of hydrophobicity on bacterial adhesion [66,67] but in con-
trast to these earlier studies we have been able to show that this
is valid in several different growth conditions, and we  have been
able to determine the internal importance of a large range of vari-
ables inﬂuencing bioﬁlm formation onto different types of culture
plates. Thus, this study represents an important ﬁrst step towards
investigating the full complexity of bacterial bioﬁlm formation and
it illustrates the beneﬁt of using a multivariate approach to obtain
a better understanding of to what extent different parameters can
inﬂuence bioﬁlm formation.
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